






a unique course in evolution. For example, Pleistocene (31,800 y
BP) seed (sporophytic) tissue of Silene stenophylla from Siberian
permafrost (20–40 m in depth) was recently cultured (33). How-
ever, this process required that placental tissue from the seeds was
first extracted, carefully cloned, and then grown on specialized
nutrient media (in vitro) to stimulate development of adventi-
tious shoots. In contrast, regeneration of subglacial bryophytes
from Teardrop Glacier was accomplished by simply grinding

gametophytic tissue (primarily stems and leaves) and sowing it on
potting soil or growth media, followed by frequent watering
(Materials and Methods). Our culture experiments are reinforced
by field observations of in situ samples. For example, Bartramia
ithyphylla—collected within 0.59 m of the ice margin that repre-
sents <1 y of exposure—showed spontaneous regeneration
(Fig. 5A). This result further supports the biological capacity
of bryophyte tissue for cellular dedifferentiation and clonal

Fig. 5. Examples of LIA field specimens showing apparent regrowth (in vivo) of exhumed bryophytes, Ellesmere Island, Nunavut. (A) B. ithyphylla (SBG 43,
Sverdrup Pass). (Scale bar, 1.5 cm.) (B) A. turgidum (CLF 13131, Sverdrup Pass). (LIA growth = Scale bar, 4 mm.) (C) R. lanuginosum (CLF 12575, Alexandra
Fiord). (Scale bar, 5 mm.) (D) Hygrohypnum polare (CLF 12574, Alexandra Fiord). (Scale bar, 4 mm.)

Fig. 6. Cultures of LIA bryophytes from the Tear Drop glacial foreland demonstrating regrowth (in vitro). (A) Prolific protonemal gemmae growth and
gametophore development from exhumed E. procera material (CLF-13145). (Scale bar, 5 mm.) (B) Dense, pure development of A. turgidum (SBG44–D12).
(Scale bar, 2.4 mm.) (C) A. turgidum with D. capillaceum and Ptychostomum sp. (SBG27–D7) growing intermixed. (Scale bar, 15 mm.) (D) Development of
gametophore (Inset) of A. turgidum on ground leaf tissue of parent LIA specimen (SBG44–D12). (Scale bar, 1.5 mm.)
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reproduction after ice entombment. In contrast, regeneration
of vegetative (sporophytic) tissue of vascular plants occurring
with the bryophytes at Teardrop Glacier has not been reported
or suggested.
An early, salient study at Tiger Ice Cap, Baffin Island,

Nunavut, documented LIA populations of the moss Polytrichum
juniperinum emerging from the ice margin (16). Falconer (16)
further stated that: “Outside the estimated position of the 1949
margin vigorous new moss shoots appear in places to be growing
directly out of the underlying dead moss.” He concluded that
the new growth was a result of germination of either dormant or
migrant spores on the “dead moss mats.” Although Falconer
cites earlier observations of “apparently living” exhumed vege-
tation, his interpretation that the LIA populations were dead
has been the consensus of subsequent studies (4–6, 17, 18). For
example, Anderson et al. (18) also investigated ice caps on
northern Baffin Island, reporting that “new growth was observed
to occur on previously dead and buried vegetation only meters
beyond the ice margin.” A more specific biological investigation
of vegetation radiocarbon dated to the LIA tested chlorophyll
activity of emergent, green plants from Twin Glacier, Alexandra
Fiord, 90 km east of Sverdrup Pass (17). The moss Racomitrium
lanuginosum retained the highest chlorophyll content (55%)
relative to extant populations; however, their observations in-
dicated that rapid degradation of the chlorophyll content oc-
curred after a few days. What is clear from previous studies on
emergent vegetation is that the paleomaterial is considered sub-
fossil (or dead); hence, it could only serve as an organic substrate
for subsequent colonization.
Given their structural simplicity and adaptation to diverse

microhabitats, bryophytes are ideal candidates for biological
experiments, especially in extreme environments. Our contribu-
tion demonstrates that bryophytes buried by ice 400 y ago can
remain dormant and provide an unrecognized pathway for
recolonization of deglaciated terrains (recent and ancient). Of
the cultures containing parental material, 30% were successful in
producing regenerated species. Based on these results, land-
scapes exposed by ice retreat should no longer be assumed to be
barren (tabula rasa) of land plants (Embryophyta: bryophytes
and vascular plants). Biotic sources for recolonization must in-
clude contributions from subglacial environments, as well as
traditionally recognized refugia above and beyond the glacial
margins. Furthermore, the viability of cryopreserved vegetation
should not be temporally limited to LIA material, amplifying
the implications of our experiments. Regrowth of bryophytes after
ice entombment is relevant to understanding basic life systems,
including biological development in extraterrestrial environments
(34) and evolution of plant terrestrialization (35). In a world of
diminishing biological diversity, our study shows that preservation
of subglacial bryophytes serves as an unrecognized genetic reservoir
that manifests the resilience of land plants and the emerging
richness of glacial ecosystems as polar glaciers retreat.

Materials and Methods
Ice Retreat Rate. Glacial retreat rates for the Teardrop Glacier have been
reported for the past several decades. Our study used the 12-m stake
established by Breen and Lèvesque in 2004 as the benchmark to calculate
more recent retreat rates (5). Furthermore, two new stakes were placed
5 m from the ice margin, one in 2007 and the other in 2009, each with GPS
reference. These surveys indicate a clear increase in the retreat rates,
reaching 3.2 m/y (n = 1) from 2004 to 2007 and 4.1 m/y (n = 1) from 2007 to
2009 (Fig. 3). On July 1, 2009, 23 GPS way-points were established to docu-
ment the Teardrop Glacier margin (1.2-km-wide) for future reference.

Subglacial Sample Collections and Preparation. During the 2007 and 2009 field
seasons, 140 LIA samples were collected within 10 m of the glacial margin
where the distinction between colonizing species and subglacial assemblages
was unequivocal (Figs. 2 and 4). This distance from the glacier margin is
equivalent to 2.6-y exposure time, based on our retreat rates. Exhumed LIA

subglacial material is comprised of large discolored or blackened pop-
ulations that are sometimes diverse, containing up to 15 species. In contrast,
pioneer or colonizing species observed within 10 m of the glacier margin are
either distinct from the LIA substrate species, or form sparse, homogeneous
populations on raw, deglaciated substrates that lack assemblage diversity,
given the short time for establishment. The growing season is restricted to
12–16 wk/y (May through August) depending on microhabitat, limiting the
development rate (size) of any colonizing population. A subset of 24 se-
lected samples for the culture experiments were collected within 5.7 m from
the glacier margin, which represents 1.4-y exposure time (Fig. 3). Some
samples were excavated directly from the ice. If wet, the subglacial samples
were collected and placed in polyethylene Nasco Whirl-Pak* bags (Fisher
Scientific), or if dry, placed in 2-lb Standard Kraft paper bags, then stored in
a cooler until frozen in Resolute Bay (Cornwallis Island, Nunavut) for trans-
port south. The specimens were kept frozen for subsampling.

In the laboratory, field specimens were identified and examined for
evidence of in vivo regrowth with compound and dissecting microscopes
(Fig. 5). To further test the potential regeneration of subglacial bryo-
phytes, we conducted multiple in vitro cultures. Growth-chamber experi-
ments were assayed on 24 subglacial specimens (Fig. 6). Subsamples
consisted of either individual stems or stems with some of the original
substrate. These subsamples were ground and sown onto solid nutrient
medium (below) in sterilized jars or onto potting soil/soil-sand in Petri
dishes (36). Duplicate subsamples were sown to test the consistency of
results. Vouchers of each subglacial species were deposited in the Cryp-
togamic Herbarium (ALTA), Department of Biological Sciences, University
of Alberta, Edmonton, AB, Canada.

The majority of subglacial specimens consisted of large populations of
taxa, not representing the early pioneer (colonizing) species in the foreland
today (see species in text). The life strategies of these pioneer taxa are
conspicuously shortened and typically prolific. In contrast, the LIA samples
represent later, successional species on the foreland >20 m from the glacier
margin that have had >5 y of establishment and growth (e.g., Nipho-
trichum panschii, A. turgidum, Hylocomium splendens, Sanionia uncinata,
Polytrichastrum alpinum). Two species, Pohlia cruda and P. cavifolium, were
regenerated from subglacial samples containing parental material, but these
data are considered equivocal, given that they are weedy species present in
the extant bryoflora of the foreland.

Bryophyte diaspore banks play a critical role in ecosystem maintenance
and warrant consideration in the interpretation of our results. In situ dia-
spores include bryophyte propagules produced by former generations. As an
assemblage develops or changes, different diaspores accumulate in the
substrate and can remain dormant until environmental conditions stimulate
germination. These biological stores are well-known components of floristic
diversity (e.g., refs. 37–39). For example, taxa from earlier successional stages
can be stored and germinate when conditions are favorable, despite their
absence in the extant communities (40). In our culture assays we not only
exclude weedy species but also species not identified in the original LIA
sample, which could be because of diaspores of unknown age (extant or LIA).

Subglacial Sample Age. To constrain the age of the emergent subglacial
vegetation, three samples were selected for radiocarbon (14C) dating on
individual fragments using Accelerator Mass Spectrometry (AMS). The three
AMS 14C dates were determined on two subglacial moss samples (A. turgidum
and B. ithyphylla) collected within 40 cm from glacier margin, and a woody
stem (Salix arctica) collected within 180 cm of the ice margin. Subsamples
from these original specimens were identified using dissecting and com-
pound microscopes, rinsed in doubled-distilled H2O, then wrapped in tinfoil.
Care was taken that the selected material showed no indication of
regrowth. The submitted moss samples included the stem apices of each
taxon to ensure that the youngest material was dated. The youngest date
from the three samples provides the best, maximum limiting age on sub-
sequent ice entombment. Samples were submitted to W. M. Keck Carbon
Cycle Accelerator Mass Spectrometry Laboratory, University of California at
Irvine. All dates were calibrated using CALIB 6.0 (41). The ages presented in the
text use a 2σ range, from which a median value was calculated. The median
calendar age, expressed as both Cal BP and Cal AD is summarized in Table S1.

Laboratory Experiments in Growth Chamber. In vitro cultures were grown
under controlled conditions with a mean irradiance of 74 ± 9.3 SD μmol−2·s−1,
simulating 16 h of daylight and 8 h of darkness with 215 W cool-white
fluorescent bulbs, with temperature maintained at 15 °C. All samples were
placed in shallow trays and repositioned every 30 d to reduce effects of any
variations in light intensity within the chamber. Double-distilled milliQ wa-
ter, used for hydrating the specimens, was autoclaved for 20 min at 121 °C.
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Sample hydration was maintained by misting each specimen with a hand-
held spray bottle every 2–3 d throughout the 12 mo in the growth chamber.
Regeneration of subglacial samples on soil with misting was more successful
than in sealed jars on nutrient medium, which was susceptible to desiccation
during long-term growth.

A total of 32 sterilized Petri dishes (60 or 100mm in diameter, 15-mmdeep)
contained soil substrates for the cultures (37). The dishes were filled 7-mm
deep with premium commercial potting soil, consisting of peat moss, humus,
compost, and perlite (sterile CIL-Gro, weed-free). A different substrate was
assayed for taxa with mesic to xeric habitat preferences, consisting of 50%
potting soil and 50% sterilized sand. The ground bryophyte material was
seeded on substrates with different start dates between July 6, 2011 andMarch
9, 2012. The growth chamber assays were ended July 26, 2012 (Table S2).

An additional assay used six glass jars filled with sterilized nutrient me-
dium. The cultures consisted of White’s Basal Salt nutrient medium (0.45 g)
solidified with Phytagel (7.5g) (Sigma) dissolved in 500 mL of double-distilled
milliQ water. The nutrient medium was autoclaved for 20 min at 121 °C,
then 40 mL was poured into 100-mL glass tissue-culture jars with vented
Magenta B-cap closures (Sigma), then sealed with Parafilm “M” (Bemis) until
the bryophyte samples were sown and the jars resealed. These samples were
not misted during the trials given the closed, but breathable systems.

Throughout the experiment, all substrate types (nutrient medium, potting
soil and potting soil/sand) were tested for contaminants. A total of 17 controls
(six dishes and one jar) were placed in the growth chamber to test for
contaminants during the growth experiment. Initially, three unautoclaved
dishes with potting soil and one jar with growth medium were placed in the
growth chamber (July 2011). Three dishes with potting soil and six with
amixture of half potting soil and half sandwere autoclaved and placed in the
growth chamber as additional control samples (January 2012). An additional
four, unautoclaved control dishes were added in January (2012) for themixed
substrate dishes.
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